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Abstract 22 23
At zygotic genome activation (ZGA), changes in chromatin structure are associated with new 24 transcription immediately following the maternal-to-zygotic transition (MZT). The nuclear 25 architectural proteins, cohesin and CCCTC-binding factor (CTCF), contribute to chromatin 26 structure and gene regulation. We show here that normal cohesin function is important for 27 ZGA in zebrafish. Depletion of cohesin subunit Rad21 delays ZGA without affecting cell 28 cycle progression. In contrast, CTCF depletion has little effect on ZGA whereas complete 29 abrogation is lethal. Genome wide analysis of Rad21 binding reveals a change in distribution 30 from pericentromeric satellite DNA, and few locations including the miR-430 locus (whose 31 products are responsible for maternal transcript degradation), to genes, as embryos 32 progress through the MZT. After MZT, a subset of Rad21 binding occurs at genes 33 dysregulated upon Rad21 depletion and overlaps pioneer factor Pou5f3, which activates 34 early expressed genes. Rad21 depletion disrupts the formation of nucleoli and RNA 35 polymerase II foci, suggestive of global defects in chromosome architecture. We propose 36 that Rad21/cohesin redistribution to active areas of the genome is key to the establishment 37 of chromosome organization and the embryonic developmental program. In this study, we asked whether cohesin and CTCF contribute to ZGA. We found that 141 cohesin (but not CTCF) depletion delays ZGA, and that chromosome bound cohesin 142 spreads from satellite and non-coding DNA to genes when the zygotic genome becomes 143 activated. A fraction of gene-associated cohesin binding sites are co-occupied by 'pioneer' 144 transcription factors Pou5f3 and Sox2, and enriched for active histone marks. We propose 145 that cohesin plays a crucial role in organizing a chromatin structure that is permissive for 146 transcription at ZGA. 2015). Here, we were able to substantially reduce the protein levels of cohesin subunit 162 Rad21 and CTCF in early embryos in order to assess their effects on zygotic genome 163 activation (Figs 1, S1, S1E). Rad21-depleted embryos were rescued by a transcript 164 encoding wild type Rad21, but not by mutant Rad21 containing the rad21 nz171 nonsense 165 mutation (Horsfield et al., 2007) ( Fig. S2 ). 166 167 MOs injected at the 1-cell stage reduced protein levels of Rad21 and CTCF by 40-80%, 168 even pre-ZGA (Figs 1D, S1). By the 4.5 hpf 'dome' stage, Rad21-depleted embryos had just 169 slightly fewer cells than wild type, although the difference was not significant (p = 0.1138, 170 unpaired t-test) (Fig. S3A ). Analysis of cell cycle status by flow cytometry showed that both 171 wild-type and Rad21-depleted embryos had a large majority of cells with 2N DNA content, 172 although the Rad21-depleted embryos had an increase in cells with 4N DNA content, from 173 7% in wildtype to 10% with Rad21 depletion (Fig. S3B ). Surviving CTCF-depleted embryos 174 displayed similar cell cycle profiles to wild type (data not shown). However, many CTCF MO-injected embryos died pre-MZT, suggesting that survivors had sub-threshold CTCF 176 depletion. 177 178
Rad21 depletion delays the onset of the zygotic transcription program 179
To determine the effects Rad21 and CTCF depletion on zygotic transcription, we used RNA-180 seq to analyse the transcriptome of untreated embryos (referred to here as 'wild type') and 181 embryos treated with Rad21-or CTCF-targeting MOs. Five developmental stages were 182 analyzed spanning pre-MZT (2.5 hpf), MZT (3.3 hpf), and post-MZT (4.5 and 5.3 hpf) stages 183 up to the tailbud stage (10 hpf). The sample-to-sample distances between the expression 184 profiles were calculated (R package DESeq2) to cluster time points and treatments. A 185 graphical representation of the sample-to-sample distance is shown in a principal component 186 (PCA) plot in Figure 2A . We found that Rad21 depletion results in a complement of 187 transcripts that appear delayed in developmental timing relative to wild type at the post-MZT 188 stages of 4.5 and 5.3 hpf (PC1, Fig. 2A ). By contrast, profiles from CTCF-depleted embryos 189 cluster similarly to wild type embryos from the same stage ( Fig. 2A) . 190
191
More transcripts are affected following depletion of Rad21 than of CTCF 192 We identified differentially represented transcripts between wild type, Rad21-and CTCF-193 depleted embryos at each of the five stages (Table S1 ). Rad21 and CTCF depletion most 194 robustly affected transcript levels post ZGA at 4.5 hpf and 5.3 hpf ( Fig. 2B ). We next 195 annotated (Lee et al., 2013) the origin of the differentially represented transcripts (maternal, 196 weakly maternal or zygotic) in Rad21-depleted embryos and CTCF-depleted embryos 197 compared to wild type at the 4.5 hpf 'dome stage'. We found that upon Rad21 depletion, 198 3,285 differentially represented transcripts (FDR=0.05) were both maternal and zygotic, with 199 maternal transcripts more abundant relative to wild type and zygotic transcripts under-200 represented ( Fig. 2C , Table S1 ), suggesting ZGA is delayed. Following CTCF depletion, 201 there were 888 differentially represented transcripts, almost 4-fold fewer than observed upon 202 Rad21 depletion (FDR=0.05) ( Fig. 2D , Table S1 ). 203
204
We then plotted the expression levels of differentially expressed transcripts identified from 205 dome stage at all time points sampled. Transcripts that are under-represented in Rad21-206 depleted embryos normally increase over developmental time in wild type, and transcripts 207 that are over-represented upon Rad21 depletion are reduced over time in wild type embryos 208 ( Fig. 3A,B) , with significantly more transcripts affected when compared to CTCF depletion 209 ( Fig. S4 ). CTCF-depleted embryos showed a similar trajectory of differentially represented 210 transcripts over developmental time ( Fig. S4A,B ). Following Rad21 depletion, delay in the 211 expression of individual zygotic genes was confirmed by quantitative PCR (Fig. 3C ). 212 Furthermore, expression of these genes was similarly delayed by depletion of a second 213 cohesin subunit, Smc3 (Fig. 3C, Fig. S1E ), suggesting that the effect of Rad21 depletion on 214 ZGA is mediated through abolition of cohesin complex function. We conclude that even 215 partial depletion of cohesin causes a delay in zygotic genome activation. 216 217 While transcripts that are differentially represented upon Rad21 depletion were assignable to 218 functional pathways ( Fig. 4) , transcripts responding to CTCF depletion were not. At the 4.5 219 hpf 'dome' stage, transcripts under-represented upon Rad21 depletion are involved in 220 ribosome assembly, translation and RNA metabolism functions ( Fig. 4A , Table S2 ). Over-221
represented transcripts reflect the maternal RNA landscape and are involved in energy 222 systems and mitochondrial functions ( Fig. 4B , Table S2 ). 223
224
The RNA-seq data indicate that Rad21 (but not CTCF) depletion led to a delay in 225 degradation of maternal mRNAs in combination with a delay in activation of zygotic genes, 226 when compared to stage-matched embryos of equivalent morphology and cell number to 227 wild type. Overall, our data suggests that cohesin is necessary for the timely transition to, 228 and promotion of, maternal to zygotic transcription programs. (Table S3 ; specific examples are shown in Fig. S6 ). Table 1 ). Further classification of these elements shows that 273 BRSATI and SAT-1 were among the highest enriched members of satDNAs found at Rad21 274 sites pre-ZGA representing over 70% of satDNAs identified. satDNAs represent less than 275 1% of the genome in zebrafish and are therefore significantly enriched (p value < 1.0 -20 , 276
Fisher's exact test) in the 2.5 hpf Rad21 peaks, whereas DNA transposons are relatively 277 abundant accounting for 33% of the genome and are not significantly enriched. Long 278 terminal repeats (LTRs) and rRNAs are also significantly enriched in pre ZGA Rad21 peaks 279 (Table 1) . 280 281
Rad21 locates to genes upon genome activation 282
After ZGA, there was significant recruitment of Rad21 to chromosomes that increased over 283 developmental time ( Fig. 5A ). By the 4.5 hpf 'dome' stage, wild type embryos had 284 accumulated 7,144 significant Rad21 binding peaks including ~3,000 that were gene-285 associated, and by 10 hpf, there were 18,075 peaks in total with 5,937 gene-associated 286 Table S3 ). Rad21 binding was significantly over-represented in coding regions 287 after ZGA. Furthermore, Rad21 binding was particularly enriched at promoters and 5′ 288 untranslated regions (5′ UTR), as well as to exons, transcription termination sites (TTS), and 289 3′ UTRs (Fig. 6A ). 290
291
Overall, 12% (293/2371) of over-represented transcripts, and 15% (179/1185) of under-292 represented transcripts were derived from genes that recruited Rad21 (Fig. 6B ), implying the 293 corresponding genes could be directly regulated by Rad21. The association of differential 294 expression with bound genes is significant ( Fig. 6B ), even though relatively few dysregulated 295 genes are bound. We used k-means clustering (k=2) to visualize Rad21 binding profiles over 296 two subsequent developmental stages (4.5 and 10 hpf). About half of the regulated genes 297 that contained Rad21 binding (58% for under-represented transcripts and 52% for over-298
represented) had lost that binding by 10 hpf (Fig. 6C ,D), indicating that Rad21 is likely to be 299 specifically associated with those genes during ZGA, and potentially involved in their direct 300 regulation at that time. Following Rad21 depletion, when compared with over-represented 301 transcripts, genes with under-represented transcripts at 4.5 hpf had higher transcription 302 levels in wild type embryos by 10 hpf, irrespective of Rad21 binding (Fig. 6E ). Only a small 303 fraction (5-8%) of genes with over-represented transcripts at 4.5 hpf also showed altered 304 expression at 10 hpf. Genes found to be downregulated at 4.5 hpf were more likely to also 305 be differentially expressed at 10 hpf (14%), but there was no difference between genes that 306 gain or lose Rad21 binding at 10 hpf ( Fig. 6F , clusters I and II, respectively). This indicates 307 that a small subset of genes bound by Rad21 during ZGA are affected later in development 308 by Rad21 depletion. However, although it is likely that some of the bound genes may be 309 regulated directly, a larger fraction appears to be regulated indirectly. 310
311
Our results indicate that Rad21 is present at repetitive sequences and ncRNA genes prior to 312 ZGA, with a transition to RNAPII genes at ZGA, once transcription starts. The marked 313 enrichment of Rad21 at genes through developmental time suggests that cohesin may 314 facilitate their expression. However, because many more genes are regulated by Rad21 315 depletion than are bound by Rad21, it is unlikely that direct gene regulation by cohesin 316 explains the delay in ZGA. Table S4 ). A smaller set of 244 peaks was significantly associated with 330 H3K27me3 (hypergeometric test, p ≤ 2.72 -34 ). Less than half of overlapping peaks were at 331
TSSs (Table S4 ). Therefore, cohesin binding significantly coincides with histone marks that 332 are associated with active chromatin at ZGA. (Table S4 ) and compared to Rad21 341 binding at 4.5 hpf. There was a small but significant overlap between Rad21 and 342 pluripotency factor binding sites (Table S4 and chromosomes 4 ( Fig. 5C ), 18 and 22 (Table S3) 
Immunoblot analysis 557
Following dechorionation and deyolking, zebrafish embryos were lysed in RIPA buffer and 558 equal amounts of protein were separated by electrophoresis on 10% polyacrylamide gels. 559
Proteins were transferred to nitrocellulose (Thermoscientific) and incubated with mouse anti-560 γ-tubulin (1:5000) and rabbit anti-rad21 (1:500), secondary antibodies were the IRDye®-561 conjugated antibodies (1:15,000). Blots were visualized with the Odyssey® CLx Infrared Rad21-depleted embryos at 4.5 hpf. The full list of GO terms that were enriched can be 959 found in Table S2 . 
Figure legends

